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PTP-PEST is a ubiquitously expressed, cytosolic, mammalian protein tyrosine phosphatase (PTP) which 
exhibits high specific activity in vitro. We have investigated trie substrate specificity of PTP-PEST by a novel 
substrate-trapping approach in combination with in vitro depoosphorylation experiments. We initially iden- 
tified a prominent 130-kDa tyrosine-phosphorylated protein in pervanadate-treated UeLa cell lysates which 
was preferentially dcphosphory lated by PTP-PEST in vitro. In qjrder to identify this potential substrate, mutant 
(substrate- trapping) forms of PTP-PEST were generated which; lack catalytic activity but retain the ability to 
bind substrates. These mutant proteins associated in stable complexes exclusively with the same 130-kDa 
protein, which was identified as pi30*°* by immunoblotting. Thfe exclusive association was observed in lysates 
from several cell lines and in transfected COS ceils, but was not observed with other members of the PTP 
family, strongly suggesting that pi3tf Ctt * represents a major physiologically relevant substrate for PTP-PEST. 
Our studies suggest potential roles for PTP-PEST in regulation of pl30 w function. These functions include 
mitogen- and ceil adhesion-induced signalling events and probable roles in trans format] on by various onco- 
genes. These results provide the first demonstration 1 of a FJP having an inherently restricted substrate 
specificity in vitro and in vivo. The methods used to identify pi 30°" as a specific substrate for PTP-PEST are 
potentially applicable to any PTP and should therefore prove useful in determining the physiological substrates 
of other members of the PTP family. '{■. 
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The protein tyrosine phosphatase (PTP) family of enzymes 
consists of more than 75 structurally diverse proteins which 
have in common the highly conserved 250-amino-acid PTP 
catalytic domain, but which display considerable variation in 
their noncatalytic segments (5, 56). This structural diversity 
presumably reflects the diversity of physiological roles of indi- 
vidual PTP family members, which in certain cases have been 
demonstrated to have specific functions in growth, develop- 
ment, and differentiation (11, 25, 36, 39, 49). Although recent 
studies have also generated considerable knowledge regarding ! 
the structure, expression, and regulation of PTPs, the nature of 
the tyrosine-phosphorylated substrates through which the 
PTPs exert their effects remains to be determined. Studies with ; 
a limited number of synthetic phosphopeptide substrates have 
demonstrated some differences in substrate selectivity of dif- 
ferent PTPs (7, 8) and have indicated preferences for certain 
amino acid residues at particular positions around the phos- , 
phorylated tyrosine residue (44, 63). This indicates that PTPs 
display a certain level of substrate selectivity in vitro, although 
the physiological relevance of the substrates used in these ; 
studies is unclear. 

PTP-PEST is an 88-kDa cytosolic PTP (6, 9, 54, 58, 59) ; 
which is expressed ubiquitously in mammalian tissues (60) and 
which exhibits high specific activity when assayed in vitro with ; 
artificial tyrosine-phosphorylated substrates (15). We have pre- 
viously demonstrated that FTP-PEST is subject to regulation 
via phosphorylation of Ser-39 in vitro and in vivo. This modi- ; 
fication is catatyzed by both protein kinase C and protein 
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kinase! A and results in reduced enzyme activity as a conse- 
quence of an increase in the K m of the dephosphorylation 
reaction (15). It appears likely that further regulatory mecha- 
rosmsJ; exist for PTP-PEST, since this enzyme would be ex- 
pected to exert a considerable negative influence on th ty- 
rosine" phosphorylation state of cytosolic substrates of tyrosine 
kinases. One possibility is that this influence could be limited 
by the} substrate specificity of PTP-PEST, of which details are 
currently lacking. 

Thexrystal structures of PTP1B alone (2) and in a complex 
wi th a' phosphotyrosine -containing peptide (21) were recently 
determined. These structures indicated roles for the invariant 
residues of the PTP catalytic domain and suggested a mecha- 
nism for catalysis which is consistent with the available kinetic 
data and which may be applicable to PTPs in general (3). After 
binding of phosphotyrosine in the active site cleft, a thiol- 
phosphate intermediate is formed between the substrate and 
the active site cysteine residue (17). In addition, substrate 
binding induces movement of a loop that forms one side of th 
activeilsite cleft (equivalent to amino acids 179 to 187 in PTP1B 
and residues 197 to 205 in PTP-PEST), resulting in a more 
closed structure around the active site. In PTP1B, this confor- 
mation is stabilized by hydrophobic interactions between the 
phosphotyrosine phenyl ring and the side chain of Phe-i82. 
The rriovement of this loop brings the side chain of an invari- 
ant, catalytically essential aspartic acid residue (Asp- 181, 
equivalent to Asp-199 in PTP-PEST) into position to act as a 
general acid in the catalytic mechanism (10, 64); by donating a 
proton: to the substrate tyrosine residue, this aspartic acid res- 
idue destabilizes the transition-state intermediate, resulting in 
the release -of the dephosphorylated peptide from the active 
site, tih essentia] catalytic role of Asp-181 in PTP1B is sup- 
ported; by the kinetic properties of a mutant protein in which 
this Residue is changed to Ala (13). The resultant enzyme 
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FIG. 1. PTP-PEST selectively dcphosphorylatcs a 130-kDa phosphotyrosinc-containii 
date-treated He La cell rysates were incubated on ice in the absence {60 (•-) lanes] or in 
indicated concentrations of PTP-PEST catalytic domain (B, left panel) br PT£1B (37-i 
containing 30 |ig of protein were removed into SDS-PAGE sample buffer,] phosphotyrosii 
the dashed line was exposed longer (5 min compared with 15 s for the vppcr portion) in 
blot. The lower panel in A is a reprobe of the 130-kDa region of the imbiunobjot with all 



irotein from pervanadatc- treated HeLa cell lysates. Aliquots of pervaiu- 
'jpfesence of 2 nM purified full-length PTP-PEST (A, upper panel) or the 
fprm) (B, right panel). At the indicated time poinLs (minutes) aliquots 
nvteot was then analyzed by imraunob lot ting. In panel A, the region below 
cr to display the weak phospho tyrosine bands present in this part of the 
ioit polyclonal antibody to pl30~*. Sires are shown in kikxUI torts 
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appropriate PIP protein. Unbound proteins were then removed from the' jro-; 
pies by three washes with 1 ml of buffer A. and bound material was collected by 
addition of 50 uj of SDS-PAGE sample buffer followed by heating at 95°C for S : 
mm; proteins bound to the beads were then analyzed by SDS-PAGE followed by! 
immunobiotting. 
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.ini* I Jt ^ cnt », fication °f 130-kDa phosphotyrosine -containing protein as 
pl30£" Pervanadate-treated HeLa cell lysate containing 50 mg of total protein 
was fractionated on a Mono Q FPLC column, and aliquots of the indicated 
fractrtms were analyzed by SDS-PAGE followed by immunoblotiing with ami- 
P S3& y,OB, !! e (appCr W anti -P 130n " dower panel) antibodies (A). All 

oihet tolumn fractions (I to 6 and 21 to 30) contained essentially no phospho- 
ryrosrne bands. Lanes marked L and R refer to initial lysate and column run- 
throUtfj samples, respectively. (B) Aliquots (0.5 ml) of all samples analyzed in 
E^If incubated with an affinity matrix containing a substrate-trappinj? 

TV"* "^P™ 1 * fu»-lcngth PTP-PEST (D199A) bound to co- 
V f ^f^^JE^" 1 A-^Pharose-antibody (AG25) beads. Proteins associ- 
fP"™ WCre ana, y zcd * SDS-PAGE followed by immune 
blot^with^nuphcwphoryrosine (upper panel) or ami-p]3<r" (lower panel) 
a ?S2?S?" P Pcivanadal ^™^d HeLa cell lysate was immunodepleted of 
P SEl* ^^JTS* imrnun oprccipiutions (ip) w,th a polyclonal rabbit 
antfcody to pl30~. D199A PTP-PEST affinity matrix was then used as in panel 
B to folate phosphotyrosine-containing proteins from the lysatc and from the 
rfeplete^ supernatant* (s/n) of each of the sequential p!30"' rmmunoprecipiu- 
honsjs/n 1, s/n 2. and s/n 3). Left panels correspond to the starting material used 
in t^stibstrale-trapping incubations; the right panels correspond to the protc.ns 
associated with D199A PTP-PEST. Upper panels were immunoblotted with 
monodonaJ anupbosphotyrosine antibody GI04, and lower panels were immu- 
nootorted with polyclonal anti-pt »~ antibody. Sizes are shown in kilodaltons 
i ; i ! " :. ' 

■ RESULTS 

PT^-PEST preferentially dephosphory la tes a 130-kDa phos- 
photyrosine-containing protein present in pervanadate-treat- 
ed HeLa cell lysates. In order to investigate the substrate 
specificity of PTP-PEST in vitro, HeLa cells were treated with 
pervanadate, yielding 50 to 100 distinct phosphotyrosine-con- 
taimrjg proteins, as judged by immunobiotting of the cell lysate 
with the monoclonal an ti phosphotyrosine antibody G104 (Fie 
1). Purified full-length PTP-PEST (expressed in Sf9 cells with 
recombinant baculovirus) was then added to the lysate and 
ahqupts were removed at various time points for analysis by 
SDS-FAGE followed by antiphosphotyrosine immunobiotting 
Surpi^ingly, a prominent 130-kDa phosphotyrosine protein 
(pI3miwas selectively dephosphorylated by PTP-PEST within 
10 am whereas the intensity of the other bands was essentially 
unchanged even after 60 min of incubation with PTP-PEST 
(Fig.||fA). Long incubations with higher concentrations of 
PTP^EST (greater than 100-fold) resulted in the complete 



6412 



GARTON ET AL. 



I ' 3 

removal of all phosphotyrosine bands from the lysate.! H ow-" 
ever, under all conditions tested, p!30 was found to be d|phofc- J 
phorylated more rapidly than all other proteins present • I 
The selective dephosphorylaiion of pl30 by PTP-PESI] 1 



M 1 j — w „ wt y±^y, „j , AI -rtAjii was' 

also observed with a truncated form of the phosphatase (aitainb : 
acid residues 1 to 305) which essentially contains onjy the 
catalytic domain of the enzyme (Fig. IB, left panel). This fesult 
suggests that the striking substrate preference displayed by 
PTP-PEST in this analysis is an inherent property of Lhe rihos- 
phatase catalytic domain, whereas the C-terminaJ 500 amino 
. acid residues have little discernible effect on the substrate 
specificity of the enzyme. j 

The specificity of the interaction between PTP-PESt and 
pl30 was addressed with the catalytic domain of PTP IB (ami- 
no acid residues 1 to 321) in dephosphorylation reactions. 
When added at molar concentrations similar to those used! for 
the catalytic domain of PTP-PEST, PTP1B was found tb : de- 
phosphorylate fully most of the phosphotyrosine-contaijiing . 
proteins present in the pervanadate -treated HeLa lysate [(ftg. [■ 
IB). In addition, the time course of dephosphorylation of pil30 I 
was not significantly more rapid than that of the other pKos- ; 
photyrosine proteins dephosphorylated by PTP IB. PTP-PMST ■ 
and PTP1B display similar specific activities (40,000 to 50itX)0 
U/mg of protein) when assayed in vitro (4, 15); the ability of 
PTP1B to dephosphorylate all tyrosine-phosphoryiatedj plro- 
teins present under conditions in which PTP-PEST exclusively 
dephosphorylates pl30™ f (Fig. IB, 30-min incubations at g to 
10 nM PTP) therefore suggests that the substrate specificity of 
PTP-PEST is relatively stringent and that pi 30 is a policial 
physiologically significant substrate for PTP-PEST. !j Jj 

Identification of the phosphotyrosine-containing pl30 fnror 
tein as pi30 WM by substrate trapping with an inactive mutant 
f rm of PTP-PEST. Phosphotyrosine-containing proteins From 
a pervanadate-treated HeLa cell [ysate were fractionated} by 
anion-exchange chromatography with a Mono Q FPLG Col- 
umn. Antiphosphotyrosine immunoblotting of the resultant 
column fractions showed that the pi 30 phos photyrosine [pro* : 
tein eluted as a single peak in fractions 1 1 to 14 (approxinikitly i 
0.3 M NaCl) (Fig. 2A, upper panel). In view of the abuncfice; * 
of ryrosine-phosphorylated p!30 in HeLa lysates, it appeared ; 
likely that pi 30 represents a previously identified phospndty- 
rosine-containing 130-kDa protein. Several potential candi- 
dates were identified in the literature, including the focal ad- 
hesion kinase pl25^ A ', Ras-GAP, gpl30 f and pl30"". Of these 
candidates, p\3(F" has been identified as a particularly pteim- 
inent phosphotyrosyl protein in a wide variety of systemsjin- 
cluding v<rk (30, 32) and src (23, 42)-transformed fibroblast^ 
mtegrin-mediated cell adhesion (35, 37, 57), and cells stimu- 
lated by a variety of mitogenic agents (27, 41, 43, 50/1 <&). ' 
Therefore we tested the possibility that the pl30 phospKcXy- : 
rosine protein corresponds to p^O™* by immunoblotting tee 
Mono Q fractions with an antibody to pl30 roJ . The 1304cDa 
band corresponding to pl30 rfljr eluted in the same fractions! as 
the p!30 tyrosine-phosphorylated protein and displayed a kim- ! 
ilar apparent molecular mass (Fig. 2A, lower panel), suggesting ■ 
that they might represent the same protein. Furthermore,; 
pi 30~ immunoprecipitated from these fractions was fouridito' 
be phosphorylated on tyrosyl residues (data not shown). | j! : 

A mutant form of PTP-PEST (D199A) was generate^! fey! ; 
site-directed mutagenesis; the mutant enzyme was then p|ri- i 
fied after expression with recombinant baculovirus. Whert 'as- 
sayed with tyrosine-phosphorylated RCM-lysozyme as a silb- 
strate, the purified mutant enzyme exhibited a specific activity 
which was approximately 10,000-fold lower than that of) iiie 
wild-type enzyme (16). This purified protein was bound to! an: < 
affinity matrix composed of an anti-PTP-PHST monoclMal 



Mol. Chll. Biol. 

FLPTP-PEST CD PTP-PEST PTP IB (37k) 



is 



205 — 



!p130 
I 116 

I 97 



66 — 



45 — 



r>130 ca i_ 
116 . 



6 




4* 



Fid. 3. Specificity of the interact ion between inactive mutant PTP-PEST and 
ryirwhje-phosphorylated pl30 e «. Various affinity matrices were incubated with 
0.3 mg of pcrvanadatc-ucaicd HeLa cell lysate, and proteins associated with the 
beads were analyzed by SDS-PACE followed by immunoblotting with anti- 
pnosphotyrosine (upper panel) or anti-pl30™' (lower panel) antibodies. FL PTP- 
PEST j matrix consists of full-length PTP-PEST proteins bound to covaJentry 
couptejd protein A-Sepharose-antibody (AGZ5) beads; CD PTP-PEST matrix 
consists: of glutaihione-Sepharose beads with GST fusion proteins containing 
anrnnoiaqds ljto305 of PTP-PEST; PTP IB (37k) matrix consists of amino acids 
1 to 321 of PTP1B coupled to protein A-Sepharose-antibody (FG6) beads. 
Con tMt samples (-) consisted of matrix alone (amibody-proiein A-Sepharose or 
glutaWione-Sepharose beads): GST sample contained glutathione transferase 
protem; WT refers to wild-type PTP proteins; other samples contained the 
indicated point mutations. The lane marked L consists of 30 jj.g of lysate protein. 
The rirjominem band at 50 kDa in the PTP IB lanes corresponds to the antibody 
heav>f chain. Sizes are shown in kilodaltons. 



antibbtfy (AG25) covalcntly coupled to protein A-Sepharose 
bead$ and was then incubated with each of the Mono Q frac- 
tion ^ ^fffL 45 mm °* mcul>ation » proteins associating with the 
mutant PTP-PEST were collected by centrifugation, the beads 
wer<i [washed, and SDS-PAGE sample buffer was added. As- 
sociated proteins were then analyzed by immunoblotting with 
thC *5£™* IonaJ antiphosphotyrosine antibody G104. The mu- 
tant IPTP-PEST protein was found to associate with a single 
phosphotyrosine-containing protein, the molecular mass (130 
kDa); and Mono Q elution position (fractions 11 to 14) of 
whicjhi coincided with those of pl30"" (Fig. 2B, upper panel). 
Imrminoblotting of the PTP-PEST-associated proteins with the 
pl3&?* antibody demonstrated that the 130-kDa tyrosine- 
phosphorylated protein trapped by the mutant PTP-PEST is 
indeed pttO 0 * 5 (Fig. 2B, lower panel). These data further sup- 
port-Hie notion that pl30"" is a potential physiologically rele- 
vant [substrate for PTP-PEST. 

Ihi&rder to confirm that pl30™" alone is recognized by PTP- 
PEStt pi 30"" protein was specifically depleted from the ly- 
sates; by imraunoprecipitation. When these samples were sub- 
sequently incubated with mutant PTP-PEST, none of the 
remaining tyrosine-phosphorylated proteins associated with 
the tftutant enzyme (Fig. 2C), indicating that the 130-kDa 
tyrosthe-phosphorylated protein observed in mutant PTP- 
PESTfj precipitates consists solely of pl30 ra *. 

Having identified the tyrosine-phosphorylated protein asso- 
ciated with the mutant form of PTP-PEST as pl30 caj , the 
antipjjbsphbtyrosine immunoblot from Fig. 1A was reprobed 



Vol. 16, 1996 



205 — 



116 — 
97 — 

66 — 
45 — 




205 — 

116 
97 

66 — 
45 — 



HeUWi38 293 



DEPHOSPHORYLATION OF p 130"* BY PTP-PEST 
: J 



6413 



COS iOA C12 MvU 



r ; ; 
i i ■ 

1 ; 




FIG. 4. Interaction of inactive muiam PIP-PEST with rvrrKin* ■ ^ , 

the remainder *« Mp o Se j for 30 s P <C) iin,,bod '«- ,n !»»«' * the left portion of thejMoi (HeLa, Wi38. and 293 ^pte, ^ e^o^ for s m )r. 
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with a P 13(T polyclonal antibody (Fig. ] A , lower panel); The 
band corresponding to P 13(T" migrated at the same molecular 

whTh hC if 0 ^ 3 P hos Ph°<yrosine-containing protein 
which was rapidly dephosphorylatcd by PTP-PEST Further 
Fn 30 ™ d f is .P la ^ d 'greased electrophoretic mobility 
* , r£* mm of ' nc "bation with PTP-PEST, indicating that 
pl3U- was rapidly dephosphorylated by PTP-PEST under 
these conditions. In addition, these data confirm that the ob- 
^ ,a °" in , anti P h <*Ph°ryrosine antibody staining 

t P helncuba,^ PEST and WaS " 0t due to proteo, y sis du ™S 
Determination of structural features of PTP-PEST involved 
in the specific interaction with tyrosine-phosphorylated p!30™ 
„. e J n i er t Ct,0n bCtWeen P 130 "" and PTP-PEST was invest 
m.2L? m s " bstrat e «rapping experiments using various 
punned mutant forms of PTP-PEST to precipitate proteins 

£r,h P r ,n t datC ~ ,rCated HeLa | y sa,es - The wiW-tie full- 
length phosphatase was found to be incapable of stable asso- 

S°PF W ST /&/; Ph ° Sph0,y,ated P 130 "'- whereas bo«h the 
nr-i-tiTpiWA) mutant protein and a mutant lactone the 

pl3(T from the lysate (Fig. 3). The inability of the wUd-type 
phosphatase to precipitate tyrosine-phosphorylated pl3$» 
presumably reflect the transient nature of thenormaf mer- 
acuon befcveen PTP-PEST and tyrosine-phosphorylated pl30™ : 
which is likely to be concluded as soon as pl3(T" is deohos' 
phorylated by PTP-PEST. aepnos- 
Since the C-terminal 500-amino-acid segment of PTP-PEST 
contains several proline-rich regions which resemble Src ho- 
iKSBLt t h SH3> ^ ai " bindi " 8 ^"enccs. it appeared plaW 
W ?trV« e "P^'V of thc interaction betweenPTP-PEST: 
2 P ^ m ' 8ht dCpend to some e " enl °° assodationof 
these segments with the SH3 domain of P 130"* The Dossible 
c«ntnbut.on of the C-tenninal segment of rTP-PEST^n the 
SSSZf d SP ^' fic iotera «*°n of PTP-PEST with p? 3 0^ ial 
therefore addressed in further substrate-trapping SpwunS- 



I . j! ; 

p^J ^l r fu5 ! 0n P^in* containing the catalytic domain of 
P^rP-PEST alone in both wild-type and mutant (D199A) 
fofms. The mutant catalytic domain of PTP-PEST fused to 
GST was found to precipitate phosphotyrosyl P130"* specifi- 
cally, whereas both the wild-type fusion protein and GST^lone 
tailed to precipitate tyrosine-phosphorylated 0130*" (Fie 3} 
llie specific interaction between PTP-PEST and 0130-" ob 
served: in these experiments therefore appears to be an intrin- 

Z^TV th , C ***** domain of PTP-PEST, emulating 
the observed preference of the active PTP-PEST catalytic do? 
main for dephosphorylation of pl30"" in vitro (Fig IB) 
Specificity of the interaction between mutant PTP-PEST 

S„S 1 ° Sl,,e ; I I. h0SP,,0n '! aJed p,30P "- In view ^ the relative 
abundance of tyrosine-phosphorylated pl30"' in the oervana 
date-treated HeLa cell lysate (Fig. f). we considered the" 
poss.bil.ty that the observed selective binding of FTP-PEST 
substrate-trapping mutant proteins to pl30"' was substrate 

! • u 'v" P hos P h °<yrosine-containing proteins 
present ,n the lysate) rather than enzyme directed (reftecting a 

SZi&li^J 1 *™? ° f . PTP PEST ); thi possibly" 
r I d ™ ^ ways - Flrst ' inaclive mu tant forms of the 

catalytic ( domain of PTP1B were used to trap potential su £ 
strates for this enzyme from the pervanadate-^ated He U 
lysitesJ Agam, we found that the wTld-type phosphatase^ 
incapable of stable interaction with any phosphory^oslne-con! 
taming protein, whereas mutant variants of the PTP1B oh™ 

£ ??S2 d r 0ma ^ C0 ^ PnS j ng ^ ° r ^P m«t a tions analogous" 
abOV f for PTP-PEST) associated with many 
ryrjme^phosphorylated proteins (Fig. 3). This was especiaUy 
apparent for th aspartic acid mutant of PTP1B (DIE I a? 
whjch appeared to preopitatc essentially all phosphotyrosine- 
coritejntng p r 0 ,e,ns fromthe lysate with similar efficac^Sm- 

fiTS 8 PTP^ at r? d ^ 1B D18 « 1A ' anes) - nc ex- 
tant of PTPIB displayed lower affinity for phosphotyrosine- 

con^nmg protems than th D181A mutant^ vJ. ZZ 
exposure of the immunoblot in Fig. 3 demonstrated that fhe 
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. FIG. 5. Vanadate inhibition uf the interaction berween mutant P^T-PEST 
and tyrosine-phosphorylated pi 30"\ PTP-PEST affinity matrix, comprising fiilt- 
length FTP-PEST (D199A or C231S) bound to covalently coupled protein A- 
Scpharose-antibody (AG25) beads, was incubated for 10 min on ice in the 
presence of the indicated concentrations of sodium onhovanadatc (VD 4 ). The 
sample* were then incubated with aliquots (0.3 mg)of pervan ad ate -treated HcLa 
cell lysate; associated proteins were then analyzed by SDS-PAGE and i mm u no- 
blotting with antiphosphotyrosinc (upper panel), anti-pl30 CWJ (middle panel),! or 
anti-PTP-PEST (lower panel) antibodies. The activity of wild-type PTP-PEST 
was also determined under the same conditions, with tyrosine-phospriorylared 
3i P-labelled RCM-lysozyme as a .substrate. 



C215S mutant of PTP1B was still capable of form i ng j sla bJe 
complexes with the majority of the tyrosine-phosphofylated 
proteins present (data not shown). These data emphasize the 
specific nature of the interaction between PTP-PEST arid 
P130"", which appears to be a property peculiar to the PTP- 
PEST catalytic domain rather than a feature shared by a*ll PT|p 
catalytic domains. Nevertheless, it is important to note that in 
vivo, the subcellular distribution of the full-length fcJrm of 
PTP1B is restricted by targeting to the cytoplasmic face p( 
membranes of the endoplasmic reticulum (14). This subcellu- 
lar t argeting imposes constraints on substrate recognition by 
PTPIB so that only selected substrates are recognized in vivo 
(13). 




[Vanadate] (M) 



FIG. 6 Effect of EDTA on the inhibition of PTP-PEST by vanadate. Full- 
length wild-type PTP-PEST was incubated for 5 min with the indicated concen- 
trations of sodium onhovanadate in the absence (O) or presence ( ) of 5 mM 
EDTA. FTP activity against tyrosine phosphorylated "P-tabeiled RCM^ty- 
sozyme was then assayed in the presence of the same combinations of inhibitor 
and EDTA All results are expressed relative to the activity of PTP-PES+ iri the 
absence of vanadate and in the presence of 5 mM EDTA. ' 



frO. 7. Association of endogenous plMT* 1 with transfected PTP-PEST in 
(tt3S tefls. cDNAs encoding wild-type ( WT) or mutant full-length PTP-PEST or 
nejjvector alone (-) were transfected into COS cells, which were treated wirh 
psrvanadate for 30 min prior to lysis. Aliquots (30 of protein) of each lysate 
we^e jimrnunoblorted with antiphosphotyrosinc antibody (left panel). Lysates 
O^P w'Of protein) were also incubated with covalently coupled protein A- 
Scr>naVose-anti-PTP-PEST (AG25) beads, and associated proteins were ana- 
tytedfey SDS-PAGE and immunobloiting with antiphosphotyrosinc antibody 
(iig}bt panel). 
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Jie specificity of the interaction between PTP-PEST and 
p l30p was addressed further after pervanadate treatment of 
ssyefal different cell lines (WL38, 293, COS, MCF10A, C2C12, ' 
and JtfvLu), yielding a different array of tyrosine-phosphory^- 
hitfcdj proteins in each case (Fig. 4A). The lysates were then 
iucju&ated in the presence of mutant PTP-PEST (D199A), anSr* 
tyrbsirie-phosphorylated proteins associating with PTP-PEST ** 
w efejaiiaryzed as described in the legend to Fig. 3. In each case, 
thejjD199A mutant PTP-PEST protein precipitated a single 
broaJ phc^hotyrosine band with an apparent molecular weight 
of Between 120,000 and 150,000 in different cell lines, whereas V; 
the 1 : affinity matrix alone failed to precipitate any phosphoty- 
ros^-con raining protein (Fig. 4B). Immunoblotting of the 
precipitates with a pl30"" antibody revealed that the protein 
precipitated from a]] cell lysates corresponded to pl30"" 
(3 ; ig.;4C); the observed molecular weight variation b tween 
different cell lines presumably reflects either species differ- 
e icis in the molecular weight of pi 30"", expression of differ- 
ejrf alternatively spliced forms (45), or different levels of ty- 
rosine phosphorylation of pHO*"*. The relative abundance of 
t>r6sine-»phosphorylated pl30 c * ,Jf in the PTP-PEST precipitates 
appeared to correlate approximately with the abundance of 
p [30* OT protein in the lysates (data not shown). Surprisingly, 
re gardless of the abundance of tyrosine-phosphorylated pl30"" in 
tie lysates, pl30"" was invariably the only phosphotyrosine- 
containing protein in the precipitates — even in 293 cell lysates. 
which contain very little pl30 w protein but which display a 
wide variety of other abundantly tyrosine-phosphorylated pro- 
teins (Fig. 4A, lane 3). Similarly, when lysates of pervanadate- 
tr sated 293 cells (c ntaining tyrosine-phosphorylated pl3(f** 
in amounts which are undetectable by antiphosphotyrosine 
immunoblotting of the lysate) were incubated with active PTP- 
RSSiT (as described in the legend to Fig. 1), no visible dephos- 
phorylation of any phosphotyrosine band occurred (16). These 
results indicate that the affinity of PTP-PEST for pHO"" is 
substantially greater than for any other substrate present and 
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emphasize the rema rkable substrate selectivity J> 
FkST for pl3&" observed in these experiments ii 

. S ? l ^ n ° ftyr sine -P»»osphorylated PUT" withmijetive 
mutant PTP-PEST is blocked by vanadaie. We have £ 

SSr < 5 Sen ^l? th31, C ° ntrast to ,he '"active mutaritPTP- 
rt*T. the wild-type enzyme fails to associate in a stable com- 

T groane-phosphoiylated pi 30™ (Fig. 3), suggesting 
that the observed assoc.ation is active site directed, if order 
I 0 -' n Y e * tl S ate thls PossibU'ty- mutant PTP-PEST (D199A or 
C231S) was incubated with the PTP inhibitor vanadate! at var- 
ious concentrations prior to addition of pervanadate-treated 
HeLa cell lysate. The extent of association of P 13(T» with PTP- 
FbST was then analyzed as described in the legend toj Fie 3 
The association of pl3(r-with D199A PTP-PEST was found 
to be potently disrupted by vanadate, with a concentration 

SfS"""^ ? ' hat ° f V3nadate inhit "'tion of wikditype 
ki K-PfcST (Fig. 5, left panels). Surprisingly, C231S PTFi-PEST 
was unaffected in its ability to associate with pl3<F" ak Vana- 
date concentrations (0.1 to 1 mM) which significantly disrupted 
the association with D199A PTP-PEST, although 10 mEn 
adate , J*™ 1 ™ 1 ? b'^^ the interaction with C2315* FTP- 

pTpTiihf;- • K §ht paT \ ek) - These data su PP° rt a «oM for 

FTP mhibmon by vanadate in which potent enzyme inhibition 
arises through direct interaction of vanadate ions with the 
thiolate anion of the PTP active site cysteine residue;! in tfc 
absence of the cysteine residue, vanadate is therefore a much 
less potent inhibitor of enzyme-substrate binding. Thisjmbde) 
is supported by recently reported structural data, which indi- 
cated the presence of a covalent bond between vanada'teiand 
the active site cysteine residue of the PTP Yop51 (lGj) bur 
data therefore support the notion that the stable association of 
Tl 2 J1?' PEST wi,h ty^sine-phosphorylated piaoHis'mfc-- 
™ p!&£ ,rect inte . ra " io "s between active site residuesWithin 
u 1 ' P art,cular the active site cysteine residue, and 
pnosphotyrosine moieties within pOC". 

, ^ 1 L e u re l Ulr u n, Ml t for mi,lim olar concentrations of vanadate 
nf Si^^'.Sr PTP - PEST activity and the inte&dtion 
of P 130~* with D199A PTP-PEST was somewhat surging 
since prev,ous reports have indicated that PTP inhibition oc-' 
curs at cons.derably lower vanadate concentrations (5&, «2) 
This result appears to be a consequence of the presence of 
EDTA in both lysis and assay buffers, which we have found fo 
p!f" CO ™ d - rab [ y the 50% inhi bitory concentration of PTP- 

EOTa'^'^^ ^'^ (Fig 6) Tha *> in the abse «« «* 
turA ' "f inhibitory concentration of vanadate its' ao- 
proximately 10 nM, whereas inclusion of 5 mM EDTA kiv the 
assay buffer increases the 50% inhibitory concentration itoi ap- 
proximately 0.3 mM (Fig. 6). This effect appears to resulf S 
chelation of vanadate by EDTA, since intermediate EDTA 

Z^SSFZiZ* l t SS effeCt °" thc do «-response cuWe of 
Tf Sri ,nJ V b, tJ on by vanadate (data not shown). Thisleffect 
pcctT - P aWy accounCs r <" the ability of mutant! PTP- 

*Zy,r?JT T V P0temly with P 130 "* in ,vsates of pervana- 
date-treated cells prepared in 1 mM EDTA (Fig 3) | 

PT^s a T°tn ^c d ° 8 . e . n ° U ^ pJ3 °"* wi<h erected "i«ta«t 
PTP-PEST in COS cells. The experiments described above 
strongly suggest that pl30~ represents a potential pfiylolbS 
ically significant substrate for PTP-PEST. In order totssess 
^ ' P J T P f ST interacts with P 130~* in intact cellsfcOS 
cells were transfected with plasmids encoding wild-type dr mu- 
tant forms of PTP-PEST (D199A or C215S). TheWwere 
treated with pervanadate 30 min prior to lysis, PTP-PEST 
SESE immu "oP^cipitated. and associated tyrosine- 
pnosphorylated proteins were analyzed by antiphosphbtyrosine 

dhlom 0 rh e 0,t h n80 i[ the reSU ' tant P rcci P ita "es. Unde?lSSKE 
anions, the phosphotyrosme-containing band corresponoing to 
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C^PT^pl^ ** u <ts ability to associate with the 
Sif^r T pr °f e ^ n (F,g " 7 >' ind i«ting that P 130«* can 
b MJ^ Ca,ly " de ? ted by PTP-PEST as a substrate in an in- 
Sfi , SL e SS tot v ' hc P resence of a » a 'ge number of alter- 
n1ofaA P ^ SSlbI f^ S i rates - Neither the wild-type nor the 
3ff£^° f h Fn i PE f r V CapaWe ° f a "interaction 
ffflffl^^^* 16 * 1 pl3Cr " in pe™nadate-treated 
SHfrSSr^* ?• 1116 Wnding ° f 1)0,0 wi,d - t yP € and Dl5 *A 
■U-f- • ° ^S'ne-Pnosphorylated pi30" J under these 
coAditoons is most likely prohibited by the presence of pervana- 
am bxjund to the active site cysteine residue of PTP-PEST 
SKLf k «ference 10), which effectively excludes the bind- 
ing ! Af phosphotyrosine residues of P 13r'. The ability of the 
of feS" 1 VIFnSr t to —a** «» a "able complex with 
ZHL th l e .P resenCC ° f P ervana date again indicates that this 
S& Pr °. 10 ,S larg . Cly unaff ected by pervanadate. As an 
S^ZVZi^Z™^ treatme n». COS cells cotransfected 
a ei ther wild-type or mutant PTP-PEST proteins 
f ^ Ur f ° f ^ osin e-phosphorylated proteins. 
iliiX ,eVC, u 0f tyrOS,ne Phosphorylation observed in 
thesf cells was much lower than that in pervanadate-treated 
ceils; a specific interaction between mutant PTP-PEST and 
s^W) SPh0fy ' ated Pl30C " W3S ag3in observed (data not 
Tn,sWnmary, these observations lend further support to the 
suggestion that the exclusive interaction between PTP-PEST 
,?«1iF I t Sme " phc ? !phoiy,a,ed P l3<r "- whicn we have consis- 
TL ^ ' 15 entirely active site directed and therefore 

X^rS^^S^ restrictcd subs,ra,e pref " 

Ml}'> 



i 



DISCUSSION 



nhS^i • » described in this paper implicate pl30"' as a 
fiSS^ 8,Ca J ,y r ^ leVant substrate for PTP-PEST. Furthermore, 
■ Ll!Kf d stnn Sency and exclusivity of the interaction be- 

^P? 3 ? ET^?y 3 UniqUC high-affinity substrate for 
P^SV ' a,thou S h the possibility that other significant PTP- 
^ ^^"ot be excluded at present. In par- 
tM 2T? , rt 18 unclear whether pervanadate-treated cells display 

nrSl ?e / P ! Ct !^ m ° f 311 possib,e tyrosine-phosphorylated 
proteins; in fact, this appears unlikely, since pervanadate treat- 

S^ mab,y re ? UltS ° nly in increase in cosine phos- 
? of Prolans which are to some extent constitutively 
phofe|.horylated, but which are normally rapidly dephosphory- 
lateklj jwithin the cell. Potential substrates lacking from peT- 
vanad^te-treated cells therefore presumably include substraTes 
of ^rbtein tyrosine kinases which are normally present in an 
inacttye .state, such as ligand-stimulated receptor protein tv- 

Sast fer^? ^ rC ^ ntJy d , CSC , ribed caIci ^-regulated 
5hST. #I£ii^ Re8ard,ess of these considerations, the 
abilH ol PTP-PEST to select pl30— exclusively as a substrate 
from ilysates of several different cell lines, containing a com- 
wS W of a ' east 50 different potential substrates (many of 
whi4H ptesumably contain multiple sites of phosphorylation) 

pIS?^!?" 0 ! 151 " 165 that tne su °slrate specificity of PTP- 
p »flEjiS|highly restricted. 

uSffe Sntracel,u,ar P 11 ^ are limited in 'heir substrate avail- 
3 & c * us * of stri « confinement within a particular sub- 
% ijLl OCation; . ^P 1 " "^"de PTPIB. which is localized 
TrttTl 'i™ 0 ° f Ae endoplasmic reticulum (14), and 
. h - ,Ch . 18 C " h r nuc,ear < 55 > or localized to the endo- 
plasirJic reticulum, depending upon which alternative spliced 
Su lIw^ 65 ?* 1 (29) - A'temativery, certain PTPs appear to 
be; highly regulated, requiring activation before appreciable 
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activity can be demonstrated. For example, the SH2 doktiain- 
containing PTPs, SHP1 and SHP2, display relativeJy litijie ac- 
tivity id vitro, but can be considerably activated by several 
mechanisms, including C-terminal truncation (65), adcfitfbn.of 
certain phospholipids (66), or SH2 domain-mediated bidding 
of appropriate phosphoryrosine-containing peptides (26). iHow- 
: ever, PTP-PEST exhibits high specific activity in vitro (3$,000 
U/mg) and is a predominantly (90 to 95%) soluble FTP Within 
celJs (16); in principle, therefore, it may act potently !oH : any 
substrate accessible to the cytoplasm. This accessibility ^may 
partly underlie the necessity for PTP-PEST to possess 1 an in- 
herently constrained substrate specificity. The demori^tifStion 
that mutant PTP-PEST is capable of exclusively associating 
with pl30"" tn an intracellular context (Fig. 6) in the presence 
of many other tyrosine-phosphorylated proteins is an iiritiica- 
tion that the narrow substrate specificity of the enzymejlmay 
result in PTP-PEST having a negligible influence on the phos- 
phorylation state of the majority of tyrosine-phosph orated 
proteins within the cell, even though those substrates are free- 
ly accessible to PTP-PEST. j j! 

The nature of the physiologically relevant tyrosine! phos- 
phorylation sites on p!3(f os is unknown. The larger spIiceVyari- 
ant of pBO"" contains 31 tyrosine residues; 16 of these have 
the sequence YxxP (45). which resembles the preferred bind- 
ing site for the SH2 domain of the adapter protein Crlc !(52), 
and it appears likely that a subset of these motifs within pp(f?* 
represent in vivo phosphorylation sites (31, 43, 45, 46).;pipo co * 
was initially identified as a prominent tyrosine-phosphprylkted 
protein in cells transformed by the viral oncogene v-crfc (kfj[ 32) 
and by activated variants otsrv (23, 42). In both cases* tyfos ? ine- 
phosphorylated pl30"" is associated with Src and Crk projtjeiris 
(24, 32, 42, 45), and these interactions appear to involve i a Hgely 
SH2 domain-mediated binding of these proteins to phosbho- 
tyrosine residues within pi 30™* (24, 34). Optimal binding of 
Src to pi 30"" also requires an intact Src SH3 domain ^24), 
which is thought to bind a proline-rich sequence (RPLPsIpP) in 
P 130"" (34). The role of pl30^ in cellular transformatSdn by 
the v<rk and v-src oncogenes is unclear, although there! its a 
general correlation between the level of tyrosine phosphokjyla- 
tion of pI3(T" and the degree of transformation in cells ex- 
pressing different forms of Crk or Src (24, 31). Furthermore, 
enhanced tyrosine phosphorylation of pHCr*" has also beer! 
observed in cells transformed by c-Ha-raj and by ornithihilde- 
carboxylase overexpression (1); expression of antisense cI#NA 
encoding pi 30™ in these cells results in a partial reversion of 
the transformed phenotype (I). These observations suggest 
that aberrant tyrosine phosphory lation of pi 30"" is a common 
feature of cells transformed by several disparate mechanisms 
and that pi 30™ may be required for full manifestation of'the 
transformed state. Dephosphorylation of p\3{f a * by itfffP- 
PEST is therefore a potentially important regulatory mejcha- 
nism for counteracting the transforming effects of various! bn- 
cogenes. j j 

Tyrosine phosphorylation of pi 30™ has been obserVerJ in 
fibroblasts during integrin-mediated cell adhesion to extracel- 
lular matrix proteins (35, 37, 57). Under these conditions, iyith 
an antibody (4F4) that predominantly recognizes tyrosSne- 
phosphoryiated pl30~" (24, 37), it was shown that phosbHor- 
ylated P 130"" is localized to focal adhesions (37),whereas 
fractionation studies have demonstrated that the normal icel- 
lular location of the majority of nonphosphorylated pl36? J is 
th cytosol (45). Furthermore, in crk- transformed fibroblasts 
ryrosme-phosphorylated pi 30™ is detected only in insdlible 
fractions (45), suggesting that both cell adhesion-mediated 
phosphorylation and transformation-mediated phosphoryla- 
tion of pHO"" are associated with redistribution of the pijotein 
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WJ^ e 9 rtoso1 to focaI adhesion s. The precise mechanism of 
Ir utlon * undcar ' but »t was recently reported that 
the $H3 domain of pl3(f» is capable of interacting with a 
prohbe-nch region in the focal adhesion kinase, FAX (40) It is 
t^efore plausible that the redistribution of tyrosine-phosphor- 
y ?3^ PlW* may be driven by its association with FAK, 
wtadj is constitutive^ associated with focal adhesions due to 
lttSjC^terminal focal adhesion targeting domain (20, 47). The 
s^^stration of tyrosine-phosphorylated pttOF" in focal ad- 
heiibhs both in transformed cells and after integrin-mediated 
cell [adhesion strongly suggests a role for pl30~* in signalling 
everjtk m this region of the cell. One consequence of the re- 
distribution of tyrosine-phosphorylated pl30"* is likely to be 
tm\ m addition to localizing pl30"" to a region of the cell 
cbritfcining abundant protein tyrosine kinase activity, the phos- 
phorated protein will be relatively inaccessible to the cytoso- 
hcjphpsphatase PTP-PEST. This raises the possibility that the 
ull: T rp PEST in dephosphorylating pi 30*** may be to 
preteh! inappropriate tyrosine phosphorylation of the cytosolic 
Pjtolfof pl3(T a \ thus preventing formation of signalling com- 
pljex^assembled around tyrosine-phosphorylated pl30 r< " in 
Appropriate cellular locations. In addition, a rapid dephos- 
phorylation of p\3(f as has been observed during cell disaggre- 
gation induced by disruption of the interaction between LFA-1 
intd^nn receptors and ICAM-I ligand molecules (38). This 
observation supports a role for PTPs in regulating integrin- 
mjitiiated cell adhesion processes through the dephosphorvla- 
tioti xotpllXF*. 

I^re^bus studies have utilized active site cysteine mutant 
vajqanp of PTPs in order to investigate the substrate specificity 
or. Siibjstrate binding mechanism of these enzymes (18, 21, 33, 
5l=, j53Jr. Our data indicate that mutation of the invariant cata- 
lytically essential aspartic acid residue (analogous to D199 in 
PTP-PEST) generally results in PTPs with improved substrate- 
,r ^Ppihg properties compared with active site cysteine mutants 
(Hg.l3r). There are two features of the D199A mutant that may 
contribute to its ability to trap substrates more efficiently than 
the jeyiteine mutant. First, during the catalytic process, a thiol- 
phjoppjiate intermediate is generated in which the active site 
cysteine residue forms a covalent bond with the phosphate of ^ 
thejsubstrate phosphotyrosine moiety (17). Normally at this . 
pojiAtf ih the reaction, hydrolysis of the bond between the phos- 
phate jmoiety and the substrate tyrosine residue occurs, a re- 
actibn iwhich is catalyzed by the invariant aspartic acid residue. 
In jtiie absence of this aspartic acid residue, the lytic part of the 
readtion occurs much more slowly; the substrate molecule is 
thirfefore trapped by the direct interaction with the active site 
cyste me. In addition, the substrate molecule is held by hydro- 
phobic* interactions arising from the movement of a loop in the 
eTV taKf structure (^idues 179 to 187 in PTP1B and 197 to 205 
in !Pp^B-PEST, within which the catalyticaily essential aspartic 
ac 5 J !5 e ? , " due nocma »y resides) which partially closes the active 
sitfbfeft of the enzyme (21). The second feature of the aspartic 
a ^ l!d j^ lant P rotein which facilitates high-affinity interactions 
witjhJsjubstrate molecules is the resultant loss of negative charge 
onjth$l6op of the protein. This modification is likely to result 
in tedticed electrostatic repulsion of the loop from the nega- 
tive^ charged phosphate moiety of the substrate, allowing 
mdrfe :cfamplete closure of the active site cleft and strengthen- 
xn *$!? hydrophobic interactions between the enzyme and the 
tyrosine moiety of the substrate phosphotyrosine. 

the identification of pBCF" as a preferred substrate for 
PTPI-PEST supports the idea that some members of the PTP 



6f enzymes may have specific physiological roles in de 
ph^phbrylation of particular tyrosine-phosphorylated substrates. 
The methods outlined in this paper are generally applicable to 
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